plant species are threatened globally, equivalent to some 12.5% of the estimated world flora. Other estimates
ited, the accurate spatial mapping of diversity is essential situ protected areas. A germplasm collection in a gene bank aims to contain the maximum amount of genetic variation to respond to current and anticipated uses I t is generally agreed that a rapid loss of plant diver- (Allard, 1970; Brown and Marshall, 1995) . Hijmans et sity is occurring : ecosystem, species, gene, and allelic al. (2000) analyzed wild gene bank collections for bias in diversities are being lost forever, and the accelerating their geographic representativeness and detected strong processes of habitat destruction and genetic erosion over collecting along roads and within areas previously show no sign of abating. For example, the World Conidentified as hotspots for the gene pool. Herbarium colservation Union's (IUCN's) Red List of Threatened lections focus on diversity at the species level, with a Plants (Walter and Gillett, 1998) suggests that 34 000 strong taxonomic bias reflecting the specialization of botanists. These biases must be acknowledged in any conservatively. Geographic bias in collecting efforts crethat germplasm collections are sufficiently complete to anticipate these needs. ates further error in approximating species range. SpeDespite over 60 yr of systematic effort to collect germcies distribution modeling presents a means of extrapoplasm of wild Arachis species throughout the genus' lating species range from point localities to a wider natural range (Krapovickas and Gregory, 1994) , a signifregion while minimizing the risk of over-or underestiicant amount of the genetic diversity present in the mation (Franklin, 1995) . Guisan and Zimmermann peanut's secondary and tertiary gene pools remains un-(2000) discuss some of the applications of species distrirepresented in any gene bank. Outstanding gaps include bution modeling, and the various modeling algorithms additional accessions of several species for which only that have been applied to the problem. Many of these a very few specimens exist. Ironically, many of these methods use climatic variables as the principal drivers underrepresented wild species are among those believed of geographic distribution (Walker and Cocks, 1991;  to have been most closely involved in the origin and Franklin, 1995; Guisan and Zimmermann, 2000) . Jones domestication of the cultivated peanut and are therefore et al. (1997) used the computer program, FloraMap, to of primary importance from a plant breeding perspecpredict the geographic distribution of wild bean (Phaseotive. Other significant gaps include germplasm from a lus vulgaris L.) on the basis of the distribution of germhandful of entirely new, but still undiscovered, Arachis plasm and herbarium specimens. The results correctly species that are believed to survive in some of the more predicted areas where wild bean had not been collected, remote unexplored areas of western Brazil, southeastbut was reported to occur in the literature. Segura et ern Bolivia, and northwestern Paraguay (Williams, 2001 (Williams, ). al. (1999 used the same software to map the geographic Our objectives were to use 2175 georeferenced obserdistribution of five species of Passiflora, and successfully vations of wild peanut (68 species) to assess the conserguided germplasm collecting in Ecuador. David Wilvation status of the genus, and to prioritize biologically liams (personal communication, 2002 ) used a similar and geographically future conservation actions. process to collect germplasm of Capsicum flexuosum Sendtn. in Paraguay, finding six new populations having made a priori predictions of potential species range MATERIALS AND METHODS (Guarino et al., 2001 ).
The data presented in this paper were derived from the Evaluations of species distribution models typically "Catalog of Arachis Germplasm Collections" compiled by use presence-absence of data to test how well the pre- Stalker et al. (2000) , available at http://www.icrisat.org/text/ diction fits with reality (Fielding and Bell, 1997 nut breeding. A recent example of this is a new cultivar released by Simpson and Starr (2001) , which incorpoSpecies Distributions rates germplasm from three wild relatives (A. cardenasii, organism. The climate at these points is used as a calibration apart. This is an indication of the inaccuracy that the existing collections might represent in defining the species distributions. set to compute a climate probability model. Additionally, the probability distribution was subjected to FloraMap uses climatic data from a 10-min grid (correan analysis of land cover to identify areas where wild habitats sponding to 18 by 18 km at the equator) derived from observahave already been converted to cropland. A dataset of agricultions from over 10 000 meteorological stations in Latin Amertural extent was used that was derived from Advanced Very ica. A simple interpolation algorithm based on the inverse High Resolution Radiometer (AVHRR) satellite data with square of the distance between stations and the interpolated a resolution of 1 km (Wood et al., 2000) . The dataset was point is used. For each interpolated pixel, the five nearest reclassified into two variables, wild habitat and agriculture, stations are used in the inverse distance equation. The climatic where agricultural land cover was defined as having 30% or variables included are the monthly averages for temperature, greater cropland cover. These individual species distribution rainfall, and diurnal temperature range. Mean temperature is maps were then combined to give a map of species diversity. standardized with elevation by means of the NOAA TGPIf the probability of finding a species in an individual grid square 006 (NOAA, 1984) digital elevation model and a lapse rate was 0.5 or greater, then the species was assumed to be present. model (Jones, 1991) . Rainfall and diurnal temperature range remain independent of elevation. A 12-point Fourier transform is applied to each variable to adjust for geographic differ-
Complementarity Analysis
ences in the timing of major seasons. For further information
In the database, 48 Arachis observations occur within curthe reader is referred to Jones et al. (1997 Jones et al. ( , 2002 .
rently recognized protected areas, but these only account for For each accession, the 36 climate variables (comprised nine of the 68 wild species in the genus (Ferguson, personal of 12 monthly means for temperature, rainfall, and diurnal communication, 2002). To determine optimal locations for in temperature range) are extracted for the pixel in which the situ reserves to conserve maximum species diversity, a study accession is located, and a principal components analysis based on species complementarity was undertaken using (PCA) is applied to identify a smaller number of variables DIVA-GIS software (http://www.cipotato.org/gis/; verified 6 that account for the bulk of the variance in climates among the December 2002; Hijmans et al., 2001 Hijmans et al., , 2002 . The species comaccession locations. The PCA is performed on the varianceplementarity procedure is based on the algorithm described covariance matrix since the Fourier analysis has transformed by Rebelo (1994) and Rebelo and Sigfried (1992) . The aim is the variables to comparable scales. A multivariate-Normal to identify grid cells with a defined size, which complement distribution is fitted to the principal component scores so that each other in terms of species composition, although any bioa probability of belonging to the distribution can then be logical characteristic may be used whether taxonomic, morcalculated for all pixels. The result is a probability surface for phological, or genetic. The process is iterative, whereby the all of Latin America. It should be noted that this merely maps first cell is the most species rich. The second iteration locates the potential climatic envelope where an organism could exist, a grid cell that is richest in species not already represented in and does not account for factors such as dispersal mechanism.
the first iteration. This iterative process continues until all FloraMap was used to map a probability distribution for species have been represented. We computed the minimum each of the 68 wild species in genus Arachis across a geographinumber of grid cells needed to capture all 68 wild Arachis cal range spanning all of central South America. Seventeen species. The grid cell size was defined as 50 by 50 km. species with fewer than 10 accessions were omitted from the analysis. These were A. brevipetiolata, A. chiquitana, A. cruzi-RESULTS ana, A. giacomettii, A. herzogii, A. ipaënsis, A. martii, A. monticola, A. microsperma, A. pietrarellii, A. praecox, A. rigonii, Basic statistics on the distribution of observations in- A. trinitensis, A. valida, A. vallsii, A. villosulicarpa, and A. dicate a strong bias in collecting along roads. The averwilliamsii. Some of these species have been identified as possiage distance from each observation to the nearest road ble progenitor species of the cultigen (Kochert et al., 1991) , was found to be 3.31 km, while the average distance for underlining the need for further collecting and conservation. a set of random points in the study region was 9.92 km.
For each species, displays the number of accessions and numThis is more exaggerated in some areas than in others, ber of components used in the PCA in FloraMap, and the depending on the density of the road network and the percentage variance that was explained.
intensity of collecting. This provides a strong case for While the climatic potential for a species may be geographithe use of spatially extrapolative modeling to fill in the cally very large (e.g., Cuba is climatically suitable for many geographic gaps in collecting.
of the species), in many cases the actual distribution is much Wild peanut species potentially cover an area of more limited. This is likely to be predominantly a result of nearly 5 000 000 km 2 , with 364 000 km 2 harboring five the geocarpic habit of the wild peanut, reducing migration rates to no more than 1 m per year, given no fluvial transport or more species sympatrically (Fig. 1) . potential climatic distribution to a more restricted range 300-km buffer around the existing observations of the species.
( Fig. 2) .
This value was chosen on the basis of an analysis of the geoTo examine the validity of the model used, the pre- (Fig. 3) . Modeling species richness in 18-regions (Williams, 2001 ) are sufficiently lacking in infrastructure that areas accessible for collection lie as much as 300 km by 18-km grid cells against the observed species richness within the same cell presents four types of error: corbut their distributions have been reduced by more than 75% because of agricultural land use. rectly predicted positive occurrences, falsely predicted positive occurrences, falsely predicted negative occurThree regions, all in Brazil, are predicted hotspots for wild peanut diversity. These are the Serra Geral de rences, and correctly predicted negative occurrences. The latter two require absence data, which were not Goias northeast of Brasilia, the region west of Campo Grande in Mato Grosso do Sul, and the region 170 km available for this study, as for most studies involving germplasm collections. In Fig. 3 , areas where modeled south of Cuiabá in Mato Grosso. A species richness of 10 is predicted for one area 300 km southeast of the species richness exceeds observed species richness (bottom right corner) indicate either undercollection, or city of Cuiabá near Pedro Gomes (Fig. 4) , where the species A. cryptopotamica, A. diogoi, A. glabrata, A. falsely predicted negative occurrences. Areas where modeled species richness is less than the observed (top helodes, A. hoehnei, A. kuhlmannii, A. lutescens, A. matiensis, A. stenosperma, and A. subcoriacea are all preleft corner) indicate cases of falsely predicted positive occurrences. Just 24% of cases fall in this category (n ϭ dicted to exist sympatrically. None of these three hotspots coincide with protected areas. Ex situ collections 908), and 66% of these are an underestimation by only one species.
provide a relatively better coverage of these hotspots, although some of the predicted ones remain totally unSome Arachis species appear to be particularly threatened by habitat loss. Those most restricted in distribuexplored. Worthy of note is the planned road running southwest from Cuiabá toward Corumbá . Locations in tion are A. archeri, A. setinervosa, A. marginata, A. hatschbachii, A. appressipila, A. villosa, A. cryptopotam- this region are predicted to contain as many as eight species growing sympatrically, but show no record of ica, A. helodes, A. magna, and A. gracilis locality of Porto Jofre. It has since practically disaprichness. It is important to note that the putative B genome progenitor species of the cultigen (A. ipaënsis, peared, with most of some 130 bridges that were originally constructed now in ruins. More recent Brazilian A. cruziana, and A. williamsii) have insufficient observations to infer their potential distribution. Of the 16 speroad maps do not mention any road from the Cuiabá River to Corumbá . Another area worthy of mention for cies for which data were insufficient to predict the distribution, 40 of the 76 observations now lie in areas of targeting ex situ collection is the municipality of Parauna (in the state of Goias), where only three collections have Ͼ30% agricultural land-use. Of special mention are A. martii because all three locations of previous collection been made (species A. prostrata and A. glabrata) . It is predicted that as many as six different species may be are now under agricultural land use, A. pietrarellii, where 83% of the 12 collections are now under agriculfound in this region, although the land in this area is predominantly agricultural. In addition to Brazil, Botural land use, and A. vallsii and A. monticola , where 75% of collections are now under agricultural land use). livia is highlighted as an area of interest for further collection (Fig. 4) , especially on the minor road from Twenty-seven 2500-km 2 grid cells were required to include all 68 wild species, and the first ten species rich, Santa Cruz to Puerto Suarez, near the town of San José de Chiquitos in the southeast part of the country, where yet complementary grid cells have been numbered to highlight the most important regions (Fig. 5) . As exsome five species potentially lie sympatrically.
The predictions made in this analysis are based on pected, the first four grids coincide with areas of high species richness identified in Fig. 1 and 2 , which indicates the data gathered from existing collections. The method attempts to fill in the climatic gaps between two climatic that each of the high diversity areas has a distinct species composition. Just five grid cells include 50% of the 68 extremes for each species, and extrapolates this spatially using climate surfaces. Should these extremes be poorly species included in the analysis (Fig. 6) . represented in the collection data, the predicted distribution reflects this bias and may not capture the full DISCUSSION climatic envelope to which the species may be adapted. Predictions for species that are sparsely collected, inSpecies distribution modeling based on climatic adapcluding many of the higher altitude species found on tation inferred from existing observations can be used the Andean fringe in Bolivia, may have greater errors to extrapolate from geographically biased point meain species distributions than those that have been more surements to larger and unexplored regions. It does fail, exhaustively collected (such as for A. glabrata). This however, in predicting the full variation within a species may mean that those countries where collecting activishould the point observations poorly represent the exties have been less intensive (i.e., Bolivia and Paraguay) tremes. This modeling method has proved of value in other related studies (Jones et al., 1997; Segura et al., are underrepresented in terms of predicted wild species 1999; David Williams, personal communication, 2002) , intraspecific genetic level. Under rapid environmental change scenarios, any conservation action must be well but lacks a formal validation. This paper makes a preliminary comparison of predicted species richness with the focused on biologically important organisms in the geographically most vulnerable and biologically richest reobserved, and finds the model performs reasonably well. However, lacking confirmed sites where the species was gions. Jarvis et al. (2002) make a regional analysis applying these methods to Bolivia, incorporating ansought, but not found, the statistical significance of the validation remains uncertain. thropogenic influences to assess the risk of Arachis spp. genetic erosion. Should the organism-gene pool be thoroughly collected in a given region, complementarity analyses This study provides a strong case for efforts at the conservation of wild peanut in Latin America that are provide a means of spatially prioritizing conservation interventions, be they in situ or ex situ. These methodolgeographically and biologically focused. Ex situ conservation action should prioritize some of the more imporogies have important implications for defining strategies for conserving gene pools, and are transferable to the tant species, including several of the putative B genome 
